Since its discovery in 1997 [1], the ICD has been successfully investigated in a variety of systems [2] . It usually proceeds on a femtosecond timescale and becomes faster the more neighbors are present, dominating most of the competing relaxation processes. Experimental investigation of ICD in water dimers [3] found the rate of this process to be so large as to completely suppress the proton transfer in the inner-valence ionized water molecules.
explosion in addition to the slow ICD electrons. Another striking feature of this process is that ICD remains effective for considerable interatomic distances. ICD was demonstrated experimentally and theoretically for He dimer, which is the weakest bound system known in nature, and found to be operative over distances of about 45 times the atomic radius [4, 5] .
These properties of ICD and the fact that it appeared to be ubiquitious in hydrogenbonded systems [6] [7] [8] suggest its potential importance for radiation damage [9] . Low-energy electrons (LEEs) [10, 11] , as well as radical cations [12] , the direct products of the ICD, are known to be effective in causing single-and double-strand breaks in DNA. Recent experiments even suggest that ICD electrons contribute up to about 50% of the single-strand breaks (SSB) in DNA [13] . Moreover, these electrons possess energies at which much harder to repair double-strand breaks (DSB) occur [10, 14] and the energetic cations produced in Coulomb explosions may additionally damage the DNA.
The excited electronic states undergoing ICD with the environment may be produced directly by photoabsorption, electron impact, or even by ion impact as demonstrated recently [15] . Alternatively, they may be formed as a result of multistage cascade processes. The Auger decay process followed by ICD is one type of such cascades. It is initiated by core ionization of an atom, e.g., through X-ray absorption. This cascade, postulated theoretically [16] , has since been studied in a series of experimental works [17] [18] [19] . Importantly, since the Auger-ICD cascade is initiated by core ionization, in a complex system one has little control over the location where the Auger decay can be initiated and the follow-up ICD is going to take place. Indeed, in a polyatomic system, all atoms with core-ionization potentials below the energy of the impacting photon may become ionized and, therefore, undergo an Auger transition. Here we propose a different scheme to initiate a cascade ending by ICD in which one has control not only over the location of the process, but also over the energies of the emitted ICD electrons.
If the energy of the incoming photon lies just below the core-ionization threshold of a selected atom in a larger system, at a number of discrete energies the core electron will resonantly absorb the photon and be promoted to some bound unoccupied orbital. The resulting highly energetic core-excited state may decay through the emission of an Auger electron in the process known as resonant Auger (RA) decay [20] [21] [22] . Here, a valence electron fills the initial vacancy and another valence electron is ejected into the continuum, while the initially excited electron remains a spectator. This commonly termed spectator RA mechanism produces highly excited valence-ionized states (so-called photoionization satellite states). The alternative participator process, in which the initially excited electron participates in the decay, is usually the much less efficient de-excitation pathway following core excitations [23] .
Using modern high-resolution synchrotron-radiation sources one can selectively excite core electrons not only on chemically different atoms but also on identical atoms occupying non-equivalent sites in the system. The latter stems from the different chemical shifts the atoms experience in a different chemical environment. This selectivity is used in the Near Edge X-ray Absorption Fine Structure spectroscopy (NEXAFS) [24] to study, for example, the bonding in biologically relevant organic molecules [25] .
The RA decay takes place on the initially excited species, and the excited ionic states produced usually have excess energies of a few tens of eV which they can transfer efficiently to the environment by continuing to decay electronically via ICD. We illustrate schematically the resulting RA-ICD electronic cascade in Fig. 1 . It bears decisive differences from the Auger-ICD cascade described above, allowing one to control the ICD process. First, the energy of emitted ICD electrons in the same environment depends sensitively on the energies and population of the states produced by RA. These parameters depend in turn on the nature of the parent core-excited state. Consequently, by varying the energy of the highenergy photon one can resonantly excite different parent states and change the appearance of ICD spectra in a controlled manner. Second, the initial parent core excitation can be placed selectively on an atom in a moiety of choice. And as the RA decay tends to proceed locally populating ionized-excited states with two holes localized predominantly on the atom bearing the initial excitation, see e.g. Ref. [22] , ICD will follow leading mostly to the ionization of the environment in the vicinity of the parent core-excitation (see Fig. 1b) . In other words, the site where the damaging ICD electrons are produced can be selectively chosen.
We illustrate the RA-ICD cascade on the example of ArKr. The relative simplicity of this system gives a transparent picture of the processes involved. This cascade can be initiated by selectively producing a core-excited state localized on the Ar atom. Choosing a photon energy of 246.51 eV one populates the 2p ionization potential is 14 eV. To demonstrate that these states indeed further decay by ICD, we have determined the ICD rates employing extensive ab initio many-body calculations.
We can estimate the spectra of the ICD electrons emitted in the cascade using the computational scheme presented in the Supplementary Materials. The corresponding electron spectrum is depicted in Fig. 2a . It exhibits two peaks: a pronounced peak between 0 and 1 eV, and a weaker peak between 2 and 4 eV. Following the ICD, Ar + and Kr + will repel each other resulting in the Coulomb explosion. At the end of this dissociative process, the ions acquire ∼ 3.7 eV kinetic energy. While details may differ, the mechanism of RA-ICD cascade in other systems will be similar to the case of ArKr. Very recently, the RA-ICD cascade was demonstrated experimentally in molecular dimers [28] . The selectivity property of the cascade and the ability to control the energies of ICD electrons by tuning to the different parent state make RA-ICD cascade a foundation for a promising analytical technique. For example, in a larger molecule embedded in a solvent one may create a core excitation localized on a selected moiety. Auger decay is an intra-molecular process and by observing the Auger electrons one studies the electronic structure of the molecule at the excitation site. ICD is an intermolecular process and involves the neighbors, and the observation of ICD electrons allows one to probe the local environment (see Fig. 1b ). Let us elaborate on another possible practical application of the high selectivity and controllability of RA-ICD and related cascades (for brevity we will call them all RA-ICD).
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The properties of these cascades and the fact that they can be initiated by high-energy X-rays makes them potentially useful in controlling the radiation damage of living cells.
Embedding a high-Z element in the nucleus of a cancerous cell, a high-energy photon tuned resonantly to a particular core-excited state of this element will be predominantly absorbed by this element and trigger a RA-ICD cascade (see Fig. 3 ). In contrast to the cascade in the low-Z ArKr system, where one Auger and one ICD electron are emitted, a K-shell excitation of a high-Z element will usually initiate a complex multistage process. Its first steps will be dominated by fluorescence [29] . The later steps will proceed radiationlessly by emitting either Auger electrons or ICD electrons in the so-called core-ICD process [30, 31] (see also the Supplementary Materials). The final states of the decay will still be ionized-excited states which will continue decaying by ICD with the water shell surrounding the DNA or with the DNA itself.
We note that radiotherapeutic techniques based on DNA-incorporated high-Z Augerelectron emitters (radionuclides [32] or photon activated ones [33] ) have already been suggested. For instance, platinum-containing or iodinated compounds such as iodo-deoxyuridine has been extensively investigated. The damage is thought to arise primarily from two sources. The Auger cascade initiated in the high-Z element either spontaneously (in radionuclides) or by absorbing an X-ray photon leads to the emission of genotoxic Auger electrons with energies below 500 eV [34] . Following this cascade, electron transfer to the highly charged high-Z ion from the environment may also result in a Coulomb explosion causing further damage [35] . In the proposed RA-ICD cascade, in addition to the Auger and the above mentioned core-ICD electrons, highly damaging low-energy ICD electrons with controllable energies are emitted. For example, SSBs in DNA are produced favorably by electrons with energies between 0 and 4 eV [36] , while DSBs are mostly induced by electrons with energies above 6 eV [11] . We note that only for electrons with energies below 15 eV the microscopic mechanisms for strand breakage have been investigated [10, 11, [37] [38] [39] (for brief discussion on higher energy electrons, see Supplementary Materials). In all the ICD processes during the cascade two or more neighboring ions are produced directly leading to damaging Coulomb explosion [3, 40] . The damage to DNA through the ICD electrons and the Coulomb explosion following RA-ICD cascades will happen in the immediate vicinity of the site where the energy was initially deposited.
Additional benefits of the proposed scheme is that the RA-ICD cascade is triggered by resonant photon absorption which is more efficient than the traditional photon activated techniques where the Auger cascade is initiated by K-shell ionization. As we saw in the ArKr example, the RA-ICD cascade provides the opportunity to tune the energies of the slow electrons by using the site and energy selectivity of the resonant core-excitations process which, in turn, may be useful to increase the damage of unwanted cells. Very importantly, in each ICD process, including the core-ICD ones which may take place at each step of the cascade, a genotoxic electron and a radical cation are simultaneously produced. The latter are also known to be extremely effective in causing DNA lesions [12] .
Understanding the microscopic mechanisms of DNA lesions would enable us to find the relevant parameters needed to increase the control over the induced damage and to maximize it, paving the way for efficient cancer therapies.
